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ABSTRACT 


work  during  the  first  quarter  was  concerned  largely  with  consid¬ 
eration  of  some  of  the  basic  problems  associated  with  a  stimulated 
emission  intensifier.  Primary  attention  was  given  to  the  problem  of 
tile  generation  of  background  Light  caused  by  spontaneous  emission 
and  its  amplification  in  passing  through  the  intensifier*  Because  of 
die  high  fluorescence  leveL  occurring,  schemes  for  possibly  lowering 
this  background  were  considered*  One  of  these  involves  the  incorpora¬ 
tion  of  a  non-uniform  pumping  inrensity  or  the  incorporation  of  a  non- 
uniform  density  of  luminescent  states  along  the  amplifier  axis.  Another 
possibility  considered  is  the  use  of  an  auxiliary  absorbing  medium 
placed  between  the  intensifier  output  a.id  the  observer’s  eye,  which 
•could  be  optically  non-Lir.eai  in  such  a  way  chat  its  light  transmis¬ 
sion  is  t.«w  below  a  specified  light  level,  but  high  above  this  thres¬ 
hold.  Tlie  factors  concerned  with  the  choice  of  a  material  for  the 
amplifier  itself  were  separately  considered,  and  the  problem  of 
obtaining  uniform  pumping  in  die  case  of  an  optically-pumped  amplifier 
was  also  considered.  To  study  the  problems  wl.i-ch  might  arise  because 
of  image  deterioration  in  passing  through  3  sf  itx:lated-enissJoqj  inten¬ 
sifier.  preliminary  experimental  tests  were  initiated.  In  view  of 
the  difficult  problems  anticipated  in  the  development  of  an  intensi- 
t'irr  baaed  on  stimulated  emission,' an  analysis  lias  also  been  initiated 
.  n  .mother  •*i-.sib!e  form  of  intensifier  which  n.iv  have  greater  band¬ 
width  and  lower  ll uoi .  *cc:ne  background  characteristics. 
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1 „  lNTK00t»criOi% 

In  accordance  with  the  r^tjuiresamts  of  the  contract  cne  purpose 
of  the  following  work  program  Co  investigate  cue  feasibility  of  a 
low- level  image  amplifier*  employing  "stimulated  emission.”  Although 
a  variety  of  vacuua  and  sc* Lid-state  types  of  ir.mge  incensif iers  have 
been  developed  over  the  past  number  of  years,  such  devices  all  involv< 
some  fern  of  conversion  process,  such  a>  frets  optical  to  electrical 
energy  or  vice  versa...  In  ether* words,  although  an  intensified  patter: 
of  bright  and  dark,  areas  Ls  generated,  at  the  output  of  the  intensities 
the  obsen'er  views  the  oat put  iaage  as  an  cptic.iT  source  originating 
at  the  output  surface  of  the  tntcaslfier.  Since  it  is  accessary  wit  l 
svuli  inters*  i  f  iers  to  optically  image  the  external  scone  onto  the  input 
sia  i'jtc  of  the  intensif ler,  the  depth  of  fo«-us  of  the  input  irjge  is 
.  .itch  by  the  -optics  employed.  AI  thou.-h .  to  some  decree  depth  per¬ 
vert  ion  v ;«:»  be  achieved  with  a  bisucular  orranpetnersL  ot  inters: tiers, 
:r:  order  for  the  observer  to  fully  so.irr  the  scene  in  depth  it  is 
r.ecc**ary  t  •>  vary  rhe  input  optical  focusing. 

In  tlit  proposed  scheme  zm  be  rrve-st  i gatec.,  the  approach  is  to 
obtain  intens  it  teat  ion  without  the  formation  .*4  a  real  optical  i  rut  go 
n  an  absorbing  surface.  Instead^.  the  individual  light  rays  arc  to 
hr  :  tied  !*y  a  process  sucf*  a-»  stirsi;  luted  emission.  The  inten¬ 

sifies  Wv*uld  thus  consist.,  for*  example,  of  a  block  ot  material  through 
wh i  •  h  tiiv  observer  vwwld  view-  ch»-  external.  scene  as  lie  would  ir  the 
absence  «’i  the  intensities'.  foe  *si:rg  ji.J  directing  his  cves  as  be 
chose  *»n  *\ '-re  details  at  different  distances,  but  seeing  the  scene 
in  n»«  h  brighter  fora. 
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Ajaonc  the  many  Lrcbleci*  which  emerge  in  considering  sudi  an 
intensif ier  are  those  concerned  with  the  very  high  fluorescence  back¬ 
ground  of  a  stimulated  emission  amplifier,  its  inherently  narrow 
bandwidth,  the  pumping  power  required,  the  difficulty  of  providing 
uniform  pumping  and  limitations  on  the  angleof  view*  Setae  of  these 
problems  are  discussed  in  the  following  sections* 


2.  NUlSi:  AND  FI.UORF.SCENCE  PROBLEMS 
-  •  1  Basic  Noise  Processes 

Perhaps  tlw  most  fundamental  problem  associated  with  the 
development  of  a  st  Imulai  Ive-emlsslon  Lmag .•  Intenslflor  Is  th<-  occur¬ 
rence  of  spontaneous  random  photon  emission  which  produces  a  noise  of 
fluorescent  background  throughout  the  body  ot  the  amplifier.  This 
emission  Is  also  amplified  by  the  laser  medium,  and  as  shown  below, 
requires  a  relatively  high  input  signal  If  It  Is  to  be  observed  above 
fluorescent  output.  In  the  discussion  below  two  somewhat  different 
approaches  are  taken  on  the  problem  of  estimating  the  noise,  both  of 
these  approaches,  however,  leading  to  approximately  the  same  magni¬ 
tude  of  noise. 

In  one  approach  a  small  filament  of  active  material  Is  con¬ 
sidered  (  see  Fig.  1).  It  is  assumed  that  this  illament  Is  of  the 
order  of  the  wavelength  of  the  Input  signal  1  Ight ,  l.e..  It  is  pro¬ 
pagating  • nergy  in  Its  fundamental  mode  only.  The  Increase  In  signal 
dP^ ,  resulting  from  traversing  a  length  dx  of  tills  filament  Is: 

dP  -  JtN  -  N.)  P  dxfwnt ts/cps)  (3.1) 

S  2  •  S 

where  J  Is  a  constant  proportional  to  B,  the  coefficient  of  stimulat¬ 
ed  emission  and  and  are  the  populations  ol  th«  upper  and  lower 
slates  respectively.  The  increase  in  noise  power,  dP  ,  is  given  by 

dP  -  J(N  -  N, )  P  dx  +  KN  dx(wattsfcps)  (3.2) 

n  2  1  n  2 

where  K  Is  a  constant  proportional  to  A,  the  ce*efftcle’iit  of  spontan¬ 
eous  emission. 

Tin  constant  K  may  l>.  ■  valuated  »*\  noting  that  in  thermal 
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equilibrium  dP  *  0  so  that 
a 


(N  -3  >  P  +-  KN„ 

V  20  10  no  20 


0  '  3 .  J ; 

where  and  are  Che  thermal  equilibrium  values  of  and  N^. 


Thus 


K-  .fa-.), 

I  20  / 


nO 


(.3.4) 


N 


la  thermal  equilibrium  the  r.’Cio  -A.Q  .  is  given  by  the  Boltz¬ 
mann  factor  e1'^^  while  the  noise  power  in  ^0  a  single  degree  of 

,  ,  ,  _  .  ,  ,,  liv/kT  ,  v 

freedom  of  cue.  system  at  temperature  I  is  h'./(e  -1)  so  that 


K  *  Jhv 

Suostituting  this  value  into  Eq.  (3.2)  gives 


(3.5) 


dp 


J  (S,  -  S.)  P  dx  +  Jh-.S.dx 

2.  I  Cl  L 


(3.6) 


Integrating  (l)  for  a  filament  of  length  L  give; 
F  (out) 


=  eJ(S2  -  St)L  = 


(3.7) 


P  (in) 

5 

uhere  G  is  the  power  gain. 
Integrating  Eq .  (3.b)  gives 


P  (out)  *  GP  (in)  t  (G-l)  h". 
n  n 


N,  -  N, 

2  t; 


(3.8) 


Hi  is  expression  shows  the  output  noise  to  consist  of  two 
components : 


1.  An  amplified  version  of  the  input  noise  GP^Cin)  and 


The  internally  generated  noise  (G-l)  h\ 


*2  '  h> 


In  a  h  igh  gain(G^‘  1)  laser  which  is  pumped  so  that  N2»N^  the 


int ernaily  generated  nois*  referred  to  the  input  is  h*  watts/cps. 
Since  each  photon  has  an  eaerqy  of  hv,  tliir*  noise  power  corresponds 
to  an  average  photon  flux  of  one  per  second. 
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This  computation  has  been  carried  oat  far  a  single  degree 

of  freedom  of  the  system  corresponding  to  a  wave  guide  ar  an.  optical 

fibre  operated  in  its  fundamental  mode,  so  that  this  noise  power  is 

2  2 

emitted  t .cm  an  area  of  about  (,\/2)  cm  .  Therefore,  the  average 
equivalent  input  mis*  ptr:  cr  per  unit  area  is  given  approximately 
bV  c 

(equi%)=  — b>  -  =  (watt/cps/a*2)  (3.9) 

</2)  = 

Comparing  this  intensity  of  radiation  with  Che  emission  fircnr  a  black 


body. 


2rh'  hv/kT  -1  2 

— —  “1)  (watt/cps/cm  ) 


show;*  that  the  two  are  approximately  equal 


h-  =  kT 


a.  io) 


or  T  -  h\/k 

-  1.3  X  10  V- 


where  •  is  measured  in  microns.  For  a  laser  operation  in  cire  visible 

(•  =0.0  micron!  the  noise  equivalent  black  body  temperacure  would 

be  ?.5  X  10  ~K.  In  other  words,  if  a  laser  aapLifieor  were  osed  to 

view  a  black  body,  the  temperature  of  that  bodv  would'  have;  to  be 
4 

2.3  X  10  °K  if*  order  to  achieve  unit  signal  to  raise  catia. 

Tlie  noise  equivalent  input  power  fnn  Eq.  C3.9)  would  be 
-10  2  II 

1.9  X  10  watts/cm  /cps.  For  a  laser  bandwidth  of  2.4- &  05  cps 
3+ 

(  a  measured  value  for  Eu  in  Y-0  )  th'  power  density  would  be 
2  1  3 

4/  watts/ cm  .  Thus  for  an  object  viewed  through  this  type  of  laser 

to  appear  as  bright  as  the  background  emission,  ir  would;  have  to 
2 

radiate  80  watts/cn  within  the  passbap.d  of  the  ckvice. 


Another  approach  for  estimating  the  background  a»is?  is  as 
follows:  Consider  a  distant  object  being  iaoged  by  ttte  eye  through 
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a  block-  uf  Lite  umpl  If v  iug  subb  tauce  .  Th~ 
am piifi** ii  brightness 


will  see  -in  imu^  wi 


B  ■  B  C 
a  o 


Cti 


"(3.11) 


where 


B  is  the  unampitfied  object  brightness 
o 

d  is  the  amplification  coefficient  of  the  substance 
;  is  the  optical  path  length  through  the  substance. 

The  amplification  coefficient  Cl  may  be  related  to  the 
coefficient  of  spontaneous  emission  B  as  follows:  The  rate  at  which 
stimulated,  emission  takes  pLace  in.  the  amplifying  substance  is  given 
bv  the  formula 


^2 

dt 


-■B  (S2  -  5^) 


1  i 

T! 


(3.12) 


where 


U  -  density  of  radiation  (  joule/cm  ) 


B  »  probability  per  unit  time  that  an  atom  will  be 

stimulated  to  emit  a  photon  by  the  presence  of  unit 

radiation  Jensitv 

I 

N"2  and  =  the  populations  of  the  upper  and  lower  scates  respectivel 

In  a  slice  of  thickness  dx  the  increase  in  power,  dp,  due  to 
stimulated  emission  for  a  wave  front  traveling  along  the  x  direction  is 

given  by 


ON 


dE  -  hv 


dt 


dx 


(  wattsfem  ) 


(3.13) 


where  hv  is  the  photon  energy. 
Substituting  tor  -  •  givvs 


uc 

JP  -=  !r.tfB(N 


2  N'l)dx 


(watts/ccO 


(3.14) 


However,  the  excited  atoms  in  the  amplifying  substance  will 
.also  emit  photons  of  frequency  V  spontaneously  with  a  probability  A 
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P**t  uuit  t iau»,  and  a  unit  volume  of  the  material  will  radiate  an 
amount  of  power  P  given  by 


hv  AN 

U~ 


(watt/s ter. -cm  ) 


(3.15) 


The  power  per  steradian  radiated  through  one  face  of  the 
amplifying  slab  is  found  by  integrating  the  power  emitted  by  the 
volume  element  dv  multiplied  by  the  gain  due  to  the  path  length. 
Hence  the  brightness  B  due  to  spontaneous  emission  is  given  by 


■  r 


'  j  t^Pdv  »  —  (c'*' -1).  (wa.ct/ster.-cm  J 

J  f  ..... 


(3.1b) 


The  necessary  unamplified  object  brightness-  which  will  yield  an 

image  of  brightness  B  just  equal  to  the  background  brightness  B 
a  s 

due  to  spontaneous  emission  is  found  by  setting  »  B  giving 

*  -  £ — (wacc/scer.-c®2)  (3.17) 


It  Lhe  sain  £  *  '•-•l  then  the  brightness  Bq  is  given  by 


N_ 


B  »2  - 


(watt/ster . -ot^) 


(3.18) 


From  fundamental  considerations  (Ref.  8)  it  can  be  shown  that 


f-8-h  3/c3 


so  that 


2h\  “ 


(watts /seer.- 


cps)  (3.19) 


I;i  an  efficient  iv  pumped,  three-level  system,  xt  should  be  possible 
to  attain  nearly  complete  population  inversion,  {i.e.  so 

that  the  ratio - = — approaches  unity.  The  formula  for  the 


N 


S 
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required  brightness,  B^,  then  becomes 

3  2  2 

&o  *  2hv  /c  (wacts/ster.-cm  -cps)  (J.20) 

It  che  device  is  to  operate  in  Che  visible  where  >.  *  c/\  =  .6  micron, 
then  the  required  scene  brightness  is  given  by: 


B 

o 


1.8  X  10 


-10 


(watts/ster . -cut  -cps) 


It  Che  bandwidth  of  the  amplifier  is  2.4  X  10  cds  (  che  measured 

3-k 

value  for  Che  fluorescence  of  che  tu  level  in  yttrium  oxide)  Che 

calculated  value  of  scene  brightness  to  produce  unity  si«nal-to- 

2 

background  ratio  is  44  waccs/ster.  -era  .  Assuming  a  Lambercian 

.  d ist r ihuL ion  of  radiation,  the  power  radiated  per  square  centimeter 

2 

would  be  "  X  44  watts /cc*1. 


2.2  Effects  of  Xon-unifom  Doping  or  Pumping 

The  results  deduced  in  Section  3.1  for  the  fluorescence  or 
noise  output  were  for  an  amplifier  with  uniform  gain  per  unit  length. 
A  question  which  arises  is,,  whether  an  improvement  in  s ignal-to-noise 
ratio  could  be  made  dv  varving  the  gain  per  unit  length  in  an  appro¬ 
priate  manner.  A  possible  arrangement  is  suggested  by  analogy  with 
a  low  noise,  low  gain  preamplifier  ahead  of  a  high  gain  amplifier  in 
more  conventional  vacuum  tube  circuits.  In  a  st imulated-etniss ion 
amplifier  variation  in  the  gain  per  unit  length  may  be  achieved  bv 

variation  of  the  densitv  X  of  excited  states.  This  mav  be  accom- 

2 

pLi.shed  either  by  variation  of  che  impurity  doping  or  by  vtriation 
of  the  intensity  of  pumping.  The  density  of  excited  states,  in  gen¬ 
eral,  is  proport ional  to  the  product  of  active  impurity  density  and 
the  pumping  intea:  itv. 

0»nsid»T  a  four-level,  stimulated  emission  amplifier  in 
which  th  density  of  atoms  in  the  upper  level  of  the  laser  transition 
is  (x).  where  x  is  distance  from  che  input  end  of  the  amplifier. 
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The  density.  (x ) .  of  the  terminal  laser  TtTfr  nflT  hr  aimmi  it 
'ineligible  since  this  produces  the  highest  gain  aad  die  lowest,  aai.se. 
The  overall  gain  of  the  amplifier  for  a  ptiotoa  st^tiag  at  poiat  x 
and  traveling  in  the  x  direction  . 


UNIT  AREA 


x  -  0 


dx 


x  -L. 


k(x)  =*  exp(  e(x 1  )dx* 

\.x 


€3.21) 


vn  r  ■  :(x)  is  the-  absorption  or  emission  constant:  6jr.  rhee  craasirioa 

anc  is  direct  ly  proportional  to  N^(x)  since  is  negligible.  Thus 
=  where  is  a  constant  characteristic  a£  ch*  craBsiri.ua. 

If  < x >  is  the  absorption  coefficient,  is  negative..  TSe  owerall  gain, 
G.  of  tr.e  amplifier  may  he  written  as  _  1 

^  L 

t  i 

C-  »  *{L)  «  exp.  u(x  )dx  *  0.22> 

-0  . 

Likewise  note  g(d)  1  1  since  both  limits  o£  bit*  integral,  are  iiiferotrcal 


Tru-  noise,  or  fluorescent  power,  originating  urn  elemental 
vjlune.  dx,  is  eiv.-n  simply  bv  K^N^CxJdx  where  It^  is  amebet  coosuat. 
The  fluorescent  power  dn,  at  the  end,  L.  which  acigrarfes  at  dx  but 
is  amplified  through  the  medium,  is  given  by 


un(x’)  .  K2N2(x')f(x’)dx’, 


C3-23'. 
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K.  (3.28) 

a  »  C-l 

L 

For  any  giver  laset  transit. Lon  frequency,  the  ratio  K^/K0 
ls  fixed  by  this  ratio  of  EludCcin  A  and  B  coefficients*  Thus  we  say 
Liiat  the  overall  gain  (in  excess*  of  trivial  unity  gain)  is  propor- 
:  tonal  to  the  over  ail  noise  and  is  quite  independent  of  the  form  of 
4a  i;»  lunct  ion  or  the  density  of  excited  atoms.  For  the  case  where 
the  density  or  the  terminal  states  is  not  zero  or  neglib'.ble,  but 

**  t  *•> 

X  •  -S  .  the  gain  is  rec.roed  bv  a  factor  — L  ,  but  the  noise  re- 
2  1  *N2 

mains  as  hijih. 
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Therefore  G~t  <  — n. 


In  both  cases  the  necessary  signal  strength  to  overcome  the  noise  is 
as  high  or  higher  than  was  shown  in  Section  3.1. 


Since  one  of  the  great  difficulties  in  image  amplification 
is  reducing  the  background  light  from  fluorescent  radiation,  con¬ 
sideration  has  been,  given  to  methods  for  reducing  the  background  light 
selectively,  i.e.,  without  reducing,  the  image  output  signal.  This 
could  be  done  bv  finding  a  material  which  is  saturable,  i.e.r  which  has 
3  nonlinear  characteristic  such  as  shown  by  the  solid  liae  in  Fig.  2. 

When  the  input  light  intensity  is  below  some  threshold  very 
little  image  contrast  can  be  obcained  if  the  image  level  is  small 
conparea  to  the-  f luorescence  Level.  If  the  threshold  is  chosen  so 
mat  it  qua  Is  the  background  fluorescent  'intensity,  the  amplified 
sicuai.  which  radiates  oa  top.  of  this  background  will  have  caich  higher 
i  «rura>r.  Thu  material  would  be  placed  between  the  amplifier  and 
the  observer’s  eye. 

A  possible  threshold  material  ior  this  purpose  is  one  whose 
absorption  is  from  the  ground  statV  to  an  j excited  state  and  whose 
r- laxat  i;»rt  from  this  excited  state  is  either  *hy  radiationless  decay 
or  a  very  fast  fluorescent  decay  r  through  an  int  ecrin-diate  state. 

For  eh*,  threshold  material  it  is  necessary  to  provide  a  material  with 
the  same  separation  of  energy  levels,  the  germinal  state  being  the 
ground  state.  The  overall  operation  of  this  material  would  be  as 
to  Hows:  Light  which  falls  on  this  material  excites  its  atoms  (elec¬ 
trons)  in  the  ground  star»*  to  the  upper  l»  vel.  increasing  tight 

falls  <»n  the  material,  the  absorption  falls  off.  (the  absorption 
being  due  r,>  the  difference  in  the  number  of  atoms  between  the  ground 

Wn-Q-L  IZ 


1 


NORMALIZED  INPUT,  W/A 


i990-'J- 1 


we  oh Cain . 


-Ios  T  +  H  (l-T>  -  -log  Xu 


r  -> 

V  - 


3 


where  •  »  total  length 

T  may  be  taken  as  a  parameter  of  a  specimen  with  given  doping  and 
o 

length,  representing  the  transmission  when  the  input  is  too  small 
to  begin  to  effect  saturation.  If  UT  is  plotted  as  a  function  of 

from  Eq.  (3«3i),  %  curt e  having  Che  shape  oi  the  solid  line  of  Fig.  2 
is  obtained. 

A  measure  of  the  benefit  obtained  from  the  thresholder  is 

the  ratio  of  the  tangential  slope  ^12-  to  the  slope  AP/W.  On  this 

dW 

h.jsis  the  improvement  factor.  F  "  —  /£  is  the  quantity  to  be  raax- 

dw  W 

imiaru.  In  terms  of  the  quantities  in  the  previous  equation 


F 


«7 A  +■  l 
T  (W/A  -r  l 


(3.3 


Ait  natively,  Eq.  (3.31)  tray  be  plotted  as  shown  on  Fig.  3  showing 
eh-.*  transmission  T  as  a  function  of  normal iaed  input  V/A,  assuming  a 

vi*ur,  of  T  *  O.O1).  An  indication  of  the  improvement  possible  is 

o 

by  cite  curves  <»r  Fig.  a nd  5  .  In  Fig.  4  the  improve- 

*,rnf  factor  is  ph'tt.d  as  a  function  of  normalized  input  for  various 

v. •!«*••!»  or  T  .  In  Fig.  5  the  imrroyetaent  factor  is  slotted  as  a 
o 

function  of  c rar.smisa ion  tar  various  values  of  T  . 

o 

From  Fig,  3  we  note  that  liu  imp  rev  erne  nt  factor  may  go  as 

,'S  U  if  W'-*  choose  3  1  iguiy  doped  lone  lucesiiolder  (+log  T  *-20 
-C  ° 

» » r  T  E  °  2  X  |0  ^  and  pvmp  it  uard  enough  to  raise  its  transmission 

i<  O.'H.  With  a  sufficient  input  U-vel  such  a  threshold  r  provides 

an  is*  proven*  nt  factor  of  14.  Whether  the  emerge  iron  the  amplifier 
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fluorescence  is  high  enough  to  accomplish  such  a  l«»vel  of  saturation 
capable  of  changing  absorption  from  0.2  X  10  ^  to  0.01  as  indicated 
above  would  require  consideration. 

In  the  above  discussion  reduction  of  the  population  of  the 
ground  state  has  been  achieved  only  at  the  expense  ol  population  of 
the  excited  state.  This  excited  state  population,  in  turn,  gives 
rise  to  additional  fluorescence.  In  fact,  for  every  photon  absorbed, 
assuming  100?  quantum  efficiency,  there  is  one  photan  of  fluorescence. 
The  saving  feature  is  that  the  fluorescence  is  omnidirectional  whereas 
the  absorbed  radiation  lies  with  a  certain  receiving  angle  (or  field 
of  view).  If  the  field  of  view  were  180®  one  would  only  save  a  factor 
of  2.  i,«?, .  for  every  two  photons  entering,  only  one  fluorescence 
photon  falls  within  the  field  of  view.  Ibis  gain  of  2  will  occur  at 
every  absorption  and  reemission.  Thus,  by  either  reducing  the  field 
of  view  or  increasing  cue  total  absorption,  one  may  reduce  trr  effect 
of  riuorc sc* nc >  in  the  thresholder. 

An  additional  possibility  in  reducing  the  thresholder  fiuo- 
Ctsc i-rtCt  is  to  reduce  the  quantum  efficiency.  If  the  atom  decays, 
cither  by  radiationless  decay  or  radiative  d^-cay,  to  another  Level 
with  a  long  decay  time,  then  the  ground  state  will  depopulate  and  the 
atoms  will  accumulate  in  the  third  state.  The  r  iuorcacetice  from  ana 
to  this  third  state  would  be  at  a  different  wavelength  and  henr.e  could 
b filtered  isu«  c cep ictety . 

The  conclusions  which  can  be  drawn  from  the  analytical  dis¬ 
cussions  are  that  substantial  contrast  gains  can  be  achieved  by  use 
of  a  threshold  material  but  only  wita  largt  attenuations.  Thus,  for 
the  thresholder  material  to  work,  the  amplifier  would  have  to  have  a 
large  ampl if icat ion .  Since  the  uoise  in  the  amplifier  is  proportional 
to  tlu*  gai.'.  and. the  noise  In  the  thresholder  goes  down  rapidly 

than  the  small  signal  attenuation,  a  act  signal  to  noise  gain  raav  be 
achieved. 
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3.  MATERIALS  CONSIDERATIONS 

At  least  three  criteria  are  involved  in  Che  selection  of  a  stim- 
ulated-emission  amplifying  material  for  study  in  imaging  work.  These 
are  as  follows: 

(1)  Spectral  region  of  amplification 

(2)  Ratio  of  fluorescence  output  power  to  signal  output 

(3)  Temperature  of  operation 


3.1  Spectral  Region  of  Amplification 

Of  the  dozens  of  known  maser  materials,  only  a  few  are  pre¬ 
sently  known  to  be  capable  of  producing  -mplif ication  in  the  visible 
part  of  the  spectrum.  A  list  of  these  materials,  together  with  their 
emission  wavelength,  is  shown  in  Table  I. 


TABLE  I.  LIST  OF  KNOWN  LASERS  OPERATING 
IN  THE  VISIBLE  REGION 


MATERIAL 

WAVELENGTH  IS  & 

1.  Gas 

Ke-Ne 

6322  yeLLow 

2,  Sen i conductor 

Gallium  Phosphide 

-7000 

p-n  junction 

3.  Crystals 

in  C«F7 

7082 

Ruby 

6943 

Eu^*  ir  Yttrium 

Oy.  ide 

6130 

Gte  later 

Europium  Senzoyl- 
acetonate  and 

6129.5 

Theonyltrifluoro- 

acetonate 
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3.2 


Cas  Lasers 


Although  the  gas  laser  has  advantages  In  that  it  avoids 
the  problems  associated  with  preparation  of  solid-state  crystalline 
materials  and  can  be  relatively  easily  pumped  by  direct  electrical 
excitation,  its  usefulness  for  the  present  application  appears  limited 
because  of  the  low  amplification  per  unit  length  in  the  visible  spec¬ 
trum.  Since  such  lasers  have  a  relatively  low  density  of  active 
material,  the  maximum  density  of  inverted  states  is  correspondingly 
low,  thus  limiting  the  gain,  in  most  cases  to  about  several  percent 
per  meter.  In  order,  therefore,  to  obtain  a  power  gain  of  10  times 
or  more,  either  excessive  laser  lengths  would  be  involved  or  more 
complicated  schemes  would  be  required  in  which  the  signal  radiation 
is  made  to  pass  through  the  amplifier  many  times  before  viewing 
(causing  at  the  sane  time  a  substantial  narrowing  of  the  field  of 
view) . 

3.3  Semiconductor  Junction  Lasers 

The  semiconductor . junction  laser,  like  the  gas  laser,  has 
the  advantage  of  being  directly  excited  or  pumped  by  means  of  elec¬ 
trical  input  power.  In  addition,  since  a  high  density  of  carriers 
can  be  injected,  high  gains  per  unit  length  can  be  attained.  A 
further  advantage  is  the  fact  that  the  efficiency  of  conversion  cf 
input  electrical  power  to  output  radiation  is  relatively  high,  for 
example  being  of  the  order  of  10  percent  or  more  at  room  temperature 
for  CaAs.  Despite  the  above,  however,  it  ;s  not  believed  that  such 
types  of  laser  devices  are  suitable  in  their  present  form  for  pur- 
pvacs  of  imaging  since  the  active  region  is  limited  to  the  neighbor¬ 
hood  of  a  heavily-doped  p-n  junction  vtiich  is  of  the  order  of  a  few 
microns  in  thickness. 
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As  shown  in  Table  I,  several  types  of  crystals  can  produce 
amplification  in  the  visible  spectrum.  One  of  the  better  known 
of  these  is  ruby. ;  An  important  consideration,  however,  in  a  stimu¬ 
lated  emission  amplifier,  is  the  fluorescence  level.  In  tue  case 
of  ruby,  the  terminating  state  of  the  laser  transition  is  also  the 
ground  state  of  the  amplifier  which  is  normally  heavily  populated. 
However,  in  order  to  obtain  amplification,  it  is  necessary  that  the 
upper  state  population  be  higher  than  the  ground  state,  requiring 
chat  the  upper  level  have  a  high  population  density,  i.e.,  greater 
than  that  of  the  ground  state.  The  fluorescence  output  is  thus 
also  very  high  since  the  spontaneous  emission  is  proportional  to 
the  density  of  states  in  the  upper  level.  The  above  considerations 
also  require  chat  high  pumping  energies  be  employed. 

| 

Another  possible  laser  crystal  is  Sm  in  Cap,.  This 
material  has  a  terminating  state  for  the  emission  line  which  is 
about  163  cm  *  in  energy  above  the  ground  state.  Although  at  room 
temperature  the  terntnac  ing  level  is  heavily  populated,  requiring 
high  pump  powers  tor  amplification  and  involving  high  fluorescence, 
when  the  material  is  cooled  sufficiently,  for  example  to  liquid 
heltum  temperatures,  the  terminating  state  becomes  essentially  empty 
In  this  case  Che  density  of  states  required  in  the  upper  level  in 
order  to  produce  population  inversion  is  much  smaller  than  in  the 
case  of  a  two-level  system  such  as  ruby.  An  additional  result  of 
cooling  the  CaF^  is  the  fact  that  the  quantum  efficiency  increases 
Co  about  33  percent  at  liquid  helium  temperature  compared  co  about 
1  percent  at  room  temperature.  However ,  despite  its  advantages  com¬ 
pared  to  ruby,  it  is  believed  that  the  severe  cooling  requirement  of 
CaF?  presents  obstacles  to  irs  use  in  intensificr  applications. 

Another  crystalline  material  of  potential  use  is  Eu  in 
yttrium  oxide.  This  material,  like  CaF,,  has  a  three-level  system. 


Here  Che  terminating  state  is  about  1C00  cm  ^  above  the  ground  level, 
the  laser  transition  being  -  7F^.  At  room  temperature  the  termin¬ 
ating  level  is  practically  empty,  being  about  1  percent  filled  witn 
respect  to  the  ground  state.  Assuming  coefficients  of  stimulated 
emission  and  spontaneous  emission  equal  to  those  for  ruby,  this  mate¬ 
rial  should  produce  only  about  1  percent  the  background  fluorescence 
output  of  ruby  at  the  point  where  population  inversion  just  occurs. 

Ac  the  same  time,  che  pumping  power  level  is  correspondingly  lower 

3+ 

than  for  ruby.  Another  advantage  of  Eu  in  *s  c^e  ^act  that  the 

quantum  efficiency  is  about  80  percent  at  room  temperature. 

3.5  Liquid  Organic  Lasers 

Solutions  of  europium  ji-diketone  chelates  have  recently 
been  shown  at  Electro-Optical  Systems,  Inc.,  and  other  laboratories 

(Ref.  2,  3,  and  4  )  to  sustain  laser  oscillation  at  the  character- 

34-  o 

istic  strong  Eu  emission  wavelength  of  6130  A.  These  materials 

are  therefore  also  of  interest  for  light  amplification  in  the  visible 

3+  1 

spectrum.  As  in  the  case  of  Eu  in  yttrium  oxide,  the  terminating 
state  is  praccicaily  empty  so  that  the  ratio  of  f luorescence-to- 
signal  power  is  minimized. 

One  of  che  basic  advantages  of  the  rare-earth  chelates  is 
che  wide  band  they  possess  for  the  absorption  of  pump  energy.  The 
chelate  pump  absorption  bands  are  typically  1000  X  wide  with  peak 
absorption  occurring  in  the  near  ultraviolet.  The  energy  absorbed 
in  these  bands  is  quickly  and  efficiently  transferred  to  the  initial 
or  upper  laser  energy  level  of  the  europium  ion.  Since  existing 
optical  pump  excitation  sources  are  broad-banded  and  rich  in  energy  * 
in  che  absorption  region  of  the  chelates,  a  large  fraction  of  the 
pump  power  is  available  for  the  production  of  the  required  popula¬ 
tion  inversion.  Another  practical  advantage  of  the  chelates  is  that 
they  may  be  in  liquid  form.  This  avoids  the  problems  associated  with 
crystal  preparation  and  also  provides  a  means  for  more  efficient 
cooling  since  the  liquid  may  be  circulated. 


~r 
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On  the  other  hand,  a  nuaber'  of  difficulties  arise  in  the 

use  of  chelates.  The  absorption  coefficients  for  these  materials 
4  -1 

are  so  high,  t  =  SxlO  liters  (nole-ca)  ,  chat  the  chelate  molecule 

3+. 

concentration,  and  therefore  the  concentration  of  Eu  ions,  must  be 
low  enough  to  allow  the  pump  radiation  to  penetrate  through  the  thick¬ 
ness  of  che  laser  cell.  This  means  that  the  rare-earth  chelate  con¬ 
centration  must  be  below  a  few  percent  for  laser  cell  diameters  of 
several  millimeters,  and  this  limits  the  gain  per  unit  length.  In 
addition,  the  chemical  bond  connecting  the  rare-earth  ion  to  the 
organic  part  of  the  molecule,  that  is,  cbe  rare-earth— to-oxygen  bond, 
is  known  to  be  weak,  cf  the  order  of  »  few  kilocalories  per  mole. 

As  a  resulc  of  this,  the  chelates  may  be  partially  decomposed  from 
die  pump  light,  either  directly  or  by  local  heating. 
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4.  HOMOGENEITY  OF  POPULATION  INVERSION  IN  A  LASER  SLAB 

The  use  of  an  active  medium  for  light  amplification  in  imaging 
requires  that  the  degree  of  population  inversion  be  the  same  through¬ 
out  the  cross  section  in  order  to  produce  a  unitor ly  intensified 
image.  In  general,  due  to  the  exponential  fall  of  excitation  inten¬ 
sity  versus  the  penetration  depth,  the  distribution  of  the  population 
will  be  inhomogeneous.  (This,  situation,  however,  would  be  different 
if  the  excitation  intensity  is  sufficient  to  saturate  the  whole 
medium,  but  due  to  obvious  difficulties  it  is  not  considered  here.) 

In  general,  if  the  absorption  coefficient  k  is  small,  the  expon¬ 
ential  term  can  be  expanded  as; 


o  **  =  1  -  kx  +  higher  terns 

where  x  is  the  depth  of  penetration.  For  small  values  of  k,  the 
higher  terms  can  be  neglected  and  the  fall  of  intensity  then  will  be 
approximately  linear.  Therefore,  the  smaller  the  absorption  coeffi¬ 
cient,  the  greater  is  the  uniformity  of  inversion.  (The  assumption 
made  here  is  that  the  inversion  is  proportional  to  the  intensity  of 
excitation.;  Since  the  absorption  coefficient  is  proportional  to 
the  number  of  laser  ions,  a  medium  with  minimum  density  of  ions  is 
desirable.  On  the  other  hand.,  the  density  of  inverted  population, 
and  lienee,  the  ions  s.iould  be  sufficient  so  that  stimulated  emissson 
in  them  cun  provide  a  sufficient  net  gain. 


3990-0-1 


25 


For  die  present  purpose,  an  estimate  of  Che  uniformity  of  popu- 
lotion  inversion  will  be  made  for  an  amplifier  of  Kd  doped  Barium- 
Crown  glass.  Xhe  threshold  concentration  for  rbis  material  is  0.13 
percent.^  therefore,  0.2  percent  should  provide  material  with  sub¬ 
stantial  gain.  Since  the  absorption  coefficient  of  this  material  in 
che  green  (i.he  main  pumping  baud)  is  k  =  10  for  2  percent  doping; 
for  0.2  percent  doping,  k  can  be  taken  as  1.  Assuming  a  slab  of 
this  material,  1  cm  chick,  optically  punned  from. both  sides,  the 
intensities  due  to  the  individual  pumps  as  well  as  the  sum.  of  Che 
intensities  as  a  function  of  distance  from  one  surface  is  plotted 
in  Fig.  6b.  It  is  seen  that  the  maximum  inhceogeoeity  is  in  Che 
region  of  10  percent.  Fig.  be  Shows  the  same  type  of:  plot  far  a 
sSte'rTal  0.25  cm  thick.  Xhe  situation  for  a  higher  ion  concentration 
(J.J  times  more)  is  shown  in  Fig.  6a,  indicating  a  non-uniformity  of 
excitation  of  about  50  percent.  If,  instead  of  a  slab  of  siaterial  a 
laser  rod  of  1  cm  ciameter  is  used,  the  situation  will  improve  sotne- 
wuaL  :  f  the  pump  light  is  assumed  to  originate  uniformly  from  all 
jitgtes  around  the  laser  rod,  radiacing  •.  mard  the  center.  In  this 
cose,  the  convergence  of  the  light  rays  jt  the  center  ef  the  rod  will 
to  increase  cite  excitation  Jens'.ty  ac  the  center.  Exact  calcu¬ 
lations  for  this  purpose  involve  more  complicated  mathematics  and 
ha\e  not  been  undertaken  in  the  present  study. 
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DISTANCE  FROM  SURFACE  OF 


7.  IMAGING  TESTS* 

Aside  from  Che  problems  of  noise,  gain,  and  pc  raping,  *jt  Important 
aspect  of  the  operation  of  a  stimulated  emission  incensifler  Is  its 
ability  Co  intensify  optical  waves  without  distorting  the  shape  of  the 
wavefronts,  which  would  thus  cause  loss  of  resolution*  This  require¬ 
ment  implies  a  high  degree  of  uniformity  of  the  optical  properties  of 
the  amplifying  medium  and  freedom  from  defects  within  the  material 
which  cause  light  scattering.  Although  the  full  resolution  capability 
<>l  an  image  intensifier  cannot  be  determined  without  an.  operative 
intensifies1  of  this  type,  limited  tests  can  he  made  which,  will  provide 
preliminary  information  on  some  of  the  problems  which  mi ght  be  expected, 
for  this  purpose,  tests  were  made  as  described  below  on  an  existing 
' aser  amplifier  to  determine  the  rectilinear  transmission  of  light  rays 
.  iirough  it  when  illuminated  by  a  simple  shadow  image.  Although  the 

were  ising  a  neodymium-glass  amplifier,  operating  at  a  wave¬ 

length  of  l.0(>  microns,  it  is  believed  that  information  obtained  from, 
this  would-  also  be  indicative  of  Che  problems  which  sight  arise  with 
laser  rods  operaring  in  the  visible. 

The  experimental  arrangement  is  shown  diagraonatically’  in  Fig.  7. 

It  „o»isi.>ts  of  a  shadow  object,  a  laser  oscillator  for*  illscziaating 
f  i.r*.  ohjccl ,  a  las<-r  amplifier,  and  a  diffuse  reflecting  screen  whose 
(.j:-  be  varied.  Doth  the  laser  oscillator  aft!  amplifier  are 
surrounded  ly  the  appropriate  flash  cube,  optical  pumps-,  filters, 
i  v  t  ’ectvrs .  etc.  The  material.  used  for  tlic  amplifier  is  neodymium  in 
-Jj-'j,  fabricated  into  an  eight-inch  long,  one-fourth  inch  diameter 


■  Most  of  the  effort  on  this  phase  of  the  work  fass  been  supported  by 
Contract  AF  30(602) -24 14. 


i‘rf0-0-  1 


28 


Arrangement  Used  for  Imaging  Test 


rod.  The  oscillator  consists  of  a  neodymium-doped  calcium  Czmgstat? 
crystal  rod,  one-inch  long  and  one -eighth  inch  in.  diameter*  For  the 
initial  tests,  a  thin  metal  wire,  about  1  am  in  diameter,  wan  used 
as  the  shadow  object  placed  about  five  inches  in  front  of  the  oscil¬ 
lator. 

The  experimental  procedure  was  as  follows:  With  the  amplifier 
ir.  position,  but  unpumped,  the  oscillator  is  excited  and  the  shadow 
of  the  object  is  projected  through  the  amplifier  onto  the  reflecting 
screen.  Since  the  osci11ato**  and  amplifier  operate  at  a  wavelength 
of  1.06  microns,  the  image  cannot  be  observed  directly  by  eye*  For 
viewing  purposes,  therefore,  an  image-converter  tube  was  used  in  che 
initial  experiments.  Assuming  the  oscillator  to  emir,  a  perfectly 
plane  wave,  the.  image  would  be  projected  to  infinity  with  essentially 
no  degradation.  However,  because  of  the  lack  of  plane  wave  genera¬ 
tion  by  the  oscillator,  a  substantial  degree  of  image  degradation  is 
produced  by  this  effect  alone.  The  distance  beyond  the  object  to  the 
screen  where  che  shadow  image  becomes  so  blurred  as  to  heccsa:  undis- 
c muui suable,  therefore  can  be  used  as  a  measure  of  the  divergence 
or  lac!'  >'f  parallelism  of  the  oscillator  radiation.  In  other  words, 
the  shorter  the  ’’blurring  distance*  the  worse  the  diverjeiwre;  of  chr* 
radiation. 

In  the  experiments  performed,  the  ’’blurring  dista.ice,"  with  Che 
amplifier  unpunpod,  was  2*  *  1  inches.  With  both  cbe  oscillator  and 
amplifier  pimped  so  that  a  go  in  of  three  is  obtained  ffum  dwt  ampli¬ 
fier,  che  blurring  distance"  was  reduced  to  24  +  L  inches.  In  view 
of  the  fact  that  considerable  stray  pumping  light  and  tluorexcence 
light  is  also  present,  reducing  the  image  contrast,  these  tiacr  measure¬ 
ments  can  bu  considered  only  slightly  different,  or  essentially  equal. 
Tin.  amplifier,  when  in  operation,  thus  dees  not  appear  to  seriously 
effect  the  rectilinear  propagation  of  light  through  it* 

To  obtain  more  significa.it  results,  it  is  i.--  j  Cj  greatly 

improve  the  experimental  techniques.  For  this  purpose  and  also  to 
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obtain  a  sore  permanent  record  of  the  image,  experiments  have  been 
condocced  with  photographic  film  substituted  for  the  imaee  intensi- 
ficr  arrangement.  The  only  film  which  has  been  found  to  have  adequate 
sensitivity  in  this  spectral  region  is  the  Eastman  Kodak  Type  Z,  with 
which  further  tests  are  being  made. 

Another  improvement  in  technique  is  to  use  oscillator  lasers 
whose  output  is  more  like  that  of  a  plane  wave,  In  addition,  some 
degree  of  improvement  can  be  obtained  by  stopping  the  oscillator 
down  in  order  to  use  a  small  portion  of  its  output  to  limit  the  diver¬ 
gence.  However,  one  is  limited  in  this  regard  because  of  the  reduction 
in  light  intensity,  which  causes  problems  of  detection.  A  still  further 
improvement  involves  the  baffling  and  filtering  out  of  stray  radiation 
from  the  pumps  and  laser  fluorescent  light. 
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6. 


PARAMETRIC  AMPLIFICATION  AS  A  POSSIBLE  APPROACH  TO  THE  INTENSI¬ 
FICATION  OF  OPTICAL  IMAGES 


6*1  Introduce  ior» 

As  discussed  in  Section  2,  one  of  the  nose  serious  difficul¬ 
ties  expected  with  an  image  intensifier  depending  on  the  use  of  stimu¬ 
lated  emission  is  the  very  *gh  background  fluorescence*  light  emerging 
from  the  amplifier T  masking  weak  signals.  Another  inherent  problem 
with  such  amplifiers  is  their  inherently  narrow  bandwidth*.  In  order  ■ 
to  provide  a  sufficiently  high  signal  level  at  the  input:  of  the  ampli¬ 
fier  within  this  narrow  bandwidth  it  is  probably  necessary  to  provide 
narrow  band  illumination  of  the  scene  by  mean<3  of  an  auxiliary  laser* 

In  view  of  problems  of  this  type  it  is  essential  that  other  intensifi¬ 
cation  schemes  involving  optical  pumping  be  investigated  to  determine 
if  they  involve  less  severe  requirements  for  image  intensification.  One 
such  typo  of  intensification  method  depends  on  the  process  of  parametric 
anplif icat Lon. 

Parametric  amplifiers  in  the  radio  frequency  aed  aierpyave 
regions  of  the  electromagnetic  spectrum  are  well  known*  t a  be  competitive 
with  MASFKS  in  their  very  low  noise  characteristics*  Fuzrtherrs.'ere .  they 
can  be  designed  to  have  wide  bandvidths,  in  contrast,  to  the  MASTER  which 
is  essentially  a  narrow  banded  device.  As  discnssod:  in  another  part  of 
this  report,  optical  LASERS  present  some  seriuos  problem  in  rbe  ampli¬ 
fication  of  weak  signals  because  c*f  their  high  characteristics 

and  also  in  the  amplification  of  wide  banded  sigR*Ls:  because  of  their 
narrow  banded  characteristics.  Thus,  it  ls  of  basic  inter  rest  in  this 
research  effort  to  determine  for  the  case  of  the  optical  {wranetr* c 
amplifier,  both  by  thvoret ic jI  m^lysis  and  by  experioeot,  the.  anise, 

'.hr  bandwidth,  and  the  amount  of  amplification  that  cait  be  expected, 
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arid  <1  tso  co  determine  Che  interrelations  that  can  exist  among  these 

parameters. 

The  application  of  the  principles  of  the  radio  frequency 
and  microwave  parametric  amplifier  to  the  problem  of  optical  amplifi¬ 
cation  has  been  suggested  by  Kingston ;  and  some  of  the  theoretical 

7  i  c  8 

treatrr^nt  has  been  set  forth  by  Kroll  .j  In  addition,  Franken  and  Ward 
have  recently  presented. a  general  review  of  optical  harmonics  and  other 
nonlinear  effects  and  have  included  a  brief  section  on  the  feasibility 
i.f  the  optical  parametric  amplifier,  since  its  operation  is  essentially 
dependent  upon  these  effects*  As  of  the  present,  however,  such  ampli¬ 
fication  in  the  visible  spectrum  has  not  yet  been  experimentally  shown. 
Nevertheless*  it  is  felt  that  the  possibility  definitely  exists  of 
developing  optical  parametric  amplifiers  utilizing  nonlinear  effects, 
and  in  addition,  that  parametric  oscillators  may  become  sources  of 
coherent  elect rouugnetic  radiation  at  frequencies  where  direct  LAS 
■r  action  is  not  feasibLe. 

In  the  following  discussion  we  present,,  by  means  of  a  con¬ 
sideration  of  transmission  lines  in  the  microwave  region,  a  brief 
: ncroum l ion  Lo  the  principles  of  the  parametric  amplifier.  The  corre¬ 
spondence  between  tije  parameters  involved  in  this  case  and  those 
involved  in  the  optical  case  is  then  pointed  out,  and  an  explanation 
l  why  optical  parai >e trie  amplification  depends  upon  nonlinear  effects 
in  an  optical  medium  is  given.  Following  this,  a  preliminary  concept 
< •  f  an  optical  parametric  amplifier  is  presented  and  the  possible 
a -'va.:t «i£es  of  low  noi.se  and  large  bandwidchs  for  such  a  device  are 
.  i  :«v.  ;:s»cd  . 

6 . 2  Travel ing-Wave  Parametric  Amplif ication  Using  Transmission 

Lines 

The  basic  mechanism  of  parametric  amplification  can  be  simply 
o'.plai'.ted.  The  device  Is  essentially  a  variable  inductance  or  capa- 
t  »C-.nn'*;  amplifier.  As  :rn  example,  consider  a  sin  wave  volcag"  signal 
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in  a  circuit  containing  a  capacitance  which  can  be  independently  varied 
with  respect  to  time.  At  the  instant  the  a.c.  voltage  reaches  a  posi¬ 
tive  maximum,  let  the  capacitance  suddenly  decrease,  say  be  a  sudden 
increase  in  the  distance  between  the  capacitor  plates.  When  this 
occurs,  work  is  performed  on  the  circuit  and  the  amplitude  of  the 
signal  voltage  is  increased.  Subsequently  as  the  voltage  becomes 
zero,  let  the  capacitance  go  to  its  original  value.  This  change 
involves  no  work  on  the  system  and  produces  no  voltage  change  because 
the  signal  voltage  was  zero  when  the  change  was  made.  Further,  when 
the  voltage  goes  to  the  minimum  negative  value,  let  the  capacitance 
be  decreased  again.  Here  again,  work  is  performed  on.  the  circuit  and 
the  signal  voltage  amplitude  is  increased.  Finally,  when  the  signal 
voltage  goes  to  zero,  let  the  capacitance  return  to  its  original  value. 
Thus,  for  one  cycle  in  the  signal  voltage  and  two  cycles  of  the  proper 
phase  in  the  variable  capacitance,  a  net  increase  or  amplificat ion  of 
the  signal  po*»*r  is  obtained  at  the  expense  of  power  expended  in  chang¬ 
ing  the  capacitor.  The  capacitor  is  a  power  pump,  and  the  frequency 
of  the  capacitor  variation  is  the  pump  frequency. 

In  the  case  above,  the  pump  frequency,  is  just  twice  the 
signal  frequency,  "g.  For  the  general  case  it  can  be  shown  that  -p  = 

^  where  power  of  frequency  o^,  commonly  called  the  idler  power, 

must  also  be  generated  in  the  circuit  in  order  for  amplification  to 
occur.  For  the  case  above,  where  o^,  *  2 or  there  is  no 

distinction  between  the  signal  and  idler  powers  because  they  are  prop- 
agate<f  in  the  same  circuit  and  in  the  <xtre  wxle. 

The  following  treatment  is  presented  £n  order  to  describe 
in  an  analytical  fashion  the  existing  tZieory  of  the  micro  wave  para*' 
metric  amplifier,  and  in  order  to  facilitate  the  recoin •» turn  of  the 
correspondent e  between  the  ?ara;..ote>s  involved  in  this  case  and  those 

involved  in  the  case  of  the  optical  parametric  amplifier.  This  treat - 

9 

ment  parallels  closely  that  given  by  Tien  and  Sohl  ,  except  that  they 
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treat  the  case  where  an  inductance,  is  the  variable  parameter  whereas 
we  present  the  case  of  a  variable  capacitance. 

In  Fig.  8  a  schematic  diagram  it  given  of  two  lossless 
transmission  lines  S  and  I.  These  lines  are  assumed  to  be  ioosely 
coupled  by  the  distributed  capacitors  CpCz^t),  which  vary  with  time 
and  distance  along  the  line.  The  latter  are  varied  at  the  frequency 
assumed  to  be  supplied  by  a  local  oscillator  or  pump.  For  con¬ 
venience  wc  divide  the  transmission  lines  into  small  sections  and 
represent  each  section  by  a  filter  circuit.  Line  S  has  a  phase  con¬ 
stant  0 g  and  a  characteristic  impedance  Z ^  at  an  angular  rrequency 
a-  and  line  L.  has  a  phase  constant  and  3  characteristic  impedance 
2L  at  an  angular  frequency  We  have 


Lino  S  is  excited  at  the  input  end  by  a  signal.  The  function 
of  line  I  v.m-11  be  understood  later:  it  acts  essentially  as  the  idling 
circuit  and  for  simplification  she  *  be  open  at  the  input  end  and  ter¬ 
minated  at  the  output  end  by  it*  c  :  itacterist ic  impedance.  In  the 
presence  o:  the  variable  coupling  capacitance,  the  equations  of  the 
coupled  system  arc: 
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3r« 


(7.3) 


when  the  variable  capacitance  is  nodulated  by  a  traveling  wave  of  a 
phase  constant  p  at  an  angular  frequency  <u.  Here  *  denotes  the  con- 
pi  ex  conjugate. 

Ue  shall  only  consider  waves  of  the  frequency  cm  line  I 

such  that 


<0g  +  »  as 


(7.9) 


Combining  (7.3)  and  (7.4).  and  (7.5)  and  (7.6),  we  have,  respectively, 

_2„  ,  .  2.,  ,  _ 

(7.10) 


(7.11) 


Puc  ! 

Vs(z,t)  =  Vs(z)ej“*St  +  \>s*(z)e'iV 

VI(z,t)  =-  V1(z)eiUit:  +  VI*(z)e‘JV  (7.12) 


?z" 


*  r- 

csLs  — 


s  UZ,t) 


Jt‘ 


+  Ls  & 


>-V  (Z,t)  5-V (z,t)  a2 

_ = _  -  r  i  _ ± _  .l.  i  := _ 


CILX  at2 


+  h  j\(*,  «:>?,.(*,  t)~| 


)490-<)-l 


IS 


then  (7.10)  and  (7.11)  may  be  reduced  to 


2  ,  , 

— 4 — -  Lscsvs(z)  -  y  Vcp(z,csvi*(z)  <7a3) 

3z" 


3"V  *(  z)  ,  •  , 

- 4 -  =  -<0f4Cj.Vj.nz)  .  i  t£r-Cpnz)Cj;Vs(z)  (7.14) 


Similar  equations  may  be  obtained  for  Vg*(z,t)  and  Vj.(z,t)  by  simply 
interchanging  the  subscripts  S  and  I  in  (7.13)  and  (7.14). 

We  shall  consider  a  simple  case  in  vhich 


U,  +  d,  =  |i 

n  J. 


(7.153 


The  general  case  which  leads  to  a  more  complicated  solution  will  not  be 
treated  here.  Put 


Vs(z)  =  AsU)e"jV 

Vs*(z>  »  As*(z)ej|JSZ 
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Vx(z)  =  AI(z)e"j(JIz 


Vt*(z)  - 


(7.16) 


We  have  also  from  (7.7)  and  (7.8), 


Cp(2)  -  Cpe'Jfi2 
Cp*(z)  = 


»«.! 


CO 


CP  =  %cs 


-icr 


(-.17) 


where  and  are  the  ratios  of  the  variable  capacitance  to  Che  fixed 
oapac leant e  of  line  5  and  Line  I,  respectively.  *<.  and  7^  and  so  the 
coupling  terms  in  (7.4)  and  (7.6)  3re  assumed  to  be  s*naIL.  A£z)xs  in 
(/.lb)  are  then  slowly  varying  functions  and  the  terns  involving 
*~A(z)/??z“  *s  may  be  neglected.  Substituting  17.16)  and  (7*17)  into 
( ; . 1 3 )  and  (7.14),  we  nave,  respectively. 


O-Q-l 
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The  solution  of  (7.22)  is 


Ag(z)  *  a^e**  +■  b^e 


“  - 1  <VsW 


1/2 


(7.23) 


Here  and  bj  are  arbitrary  complex  constants  which  should:  he  deter¬ 
mined  by  the  boundary  conditions*  From  (7.12),  (7.16V,  and  (7.23)  we 
have  finally 


V *,c>  -  e*z  [ay(V  -  V>  +  a*c’KV  •  V>] 


+  e 


i2  [yJ<V  '  V>  +  b*c“^V  -  V>] 


(7.24) 


Vj(a,t) 


^  -  a  e-i(erc  -3rz>  | 

1  wb 


V>  -  ble-j(<ntC  -  V*] 


(7.25) 
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Boundary  Conditions  and  General  Discussions 

It  has  bean  shown  in  (7.24)  and  (7.25)  that  for  the  case 
+  both  growing  and  decreasing  vaves  may  exist  in  the 
coupled  transmission-line  system.  Since  the  growing  wave  is  always 
dominant  at  the  output  end,  the  energy  has  to  be  transferred  from  c 
the  Local  oscillator  to  the  growing  waves.  As  mentioned  earlier, 
line  S  ls  excited  by  a  signal,  and  line  I  is  open  at  the  input  end. 

The  boundary  conditions  at  the  input  end  7=0  ate  therefore 

Vg  -  a  cos  (a^c  +  0) 

\  =  0  (7.26) 


Equations  (7.2i)  and  (7.25)  then  become 


Vj(t,t)  =74  ^e3,2  ces(:tgt  -  ij.z  +  0 ) 


e"02  cos('i^t  -  dsz  +  0)~J  (7.27) 


VZ,t)  “  2  3  \ 
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We  notice  from  the  above  equations  that  at  the  input  end 
the  growing  and  the  decreasing  waves  are  equal  and  in  phase  on  line  S 
and  are  equal  and  in  opposite  phases  on  line  I.  At  a  few  wavelengths 
from  the  input  end,  the  decreasing  wave  becomes  negligible  as  compared 
with  the  growing  wave  and  may  be  generally  ignored  In  the  analysis. 

9 

For  the  general  case,  ji  «  8^  +  +  Pp,  Tien  and  Suhl  have 

concluded  that  the  gain  is  generally  reduced  when  id  deviates  from 
zero.  We  may  thus  summarize  the  optima  conditions  for  amplification 
as  follows: 


(1) 

ci  +■ 

(2) 

P  -  Ps  +  Pt 

(2) 

/dn;\  /<to\ 

SI 

in' 

II 

SI 

It  is  obvious  that  in  the  propagating  circuits,  condition  CD  is 
always  satisfied.  Condition  (2)  can  be  easily  fulfilled  by  properly 
selecting  the  structures.  Condition  (3)  is  necessary  is  order  that 
condition  (2)  can  hold  for  a  band  of  frequencies.  It  indicates  that 
the  group  velocities  of  the  two  lines  must  be  equal  in  the  frequency 
band  of  amplification.  It  may  be  seen  here  that  for  extremely  wide 
bandwidth,  we  may  use  the  transmission-line  type  of  structures  ("TEM'’ 
modes)  in  which  the  group  and  the  phase  velocities  are  constant  for 
all  Che  frequencies.  We  may  also  use  helices  at  Cher  frequencies  above 
their  dispersive  regions.  With  these  structures,  the  bandwidth  of  the 
amplifier  can  be  very  broad,  extending  from  a  low  frequency  up  to  the 
energizing  frequency. 


3990-Q-l 


44 


Power  Relations 


For  simplicity  we  shall  ignore  the  decreasing  waves  in  (7.27) 
and  (7.28).  From  (7.27),  the  power  carried  by  line  S  is 


?s(z)  *  CVs(Z'C)2/2°!]av8.  ’  a  a  e'a<2  \ 


(7.29) 


Similarly  iron  (7.28),  the  j—wer  carried  by  line  I  is 


V2>  - * i  a‘ei" 5\| i  (7*30> 

— 1  Avg.  s  ’  s 


Tlie  total  power  transferred  from  the  local  oscillator  must  be  the  sum 
of  (7.29)  and  (7.30),  which  is 


(7.31) 


Comparing  (?.*•)),  (7.30),  and  (7*31),  w»_*  find 


ps  Ei  ps-  pi 
°s  =1  “te  +  °t 


,c.32) 
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This  is  one  of  Che  relations  derived  by  ilaniey  and  Bowe  in  consider¬ 
ations  of  radio  frequency  parametric  amplifiers.  It  indicates  that 
the  power  introduced  into  the  signal  line  is  proportional  to  the  signal 
frequency,  and  the  higher  the  signal  frequency,  relative  Co  the  idler 
frequency  the  higher  the  amplif icacion. 

6.3  Correspondence  Between  Parameters  in  the  Transmission-Lice 
and  Optical  Medium 


The  correspondence  between  the  microwave  transmission- line 
parameters  and  the  optical  parametric  amplifier  parameters  can  be 
recognized  as  follows:  By  differentiating  Cl. 3)  one  gets 


3z2 


3-IsCz,t> 


dzdt 


(7.33) 


and  by  differentiating  (7.*)  one  gets 


d'Is(z,t) 

.*t*z 


a~vs(r,t) 

-> 


(7.34) 


Substitution  of  (7.34)  into  (7.33)  then  gives  the  wave  equation 


3-Vs(z,c) 


?'V  (r,c) 
LSCS  “ ~2 


( i .35) 
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It  is  easily  shown  that  tor  any  periodic  wave  V^(z,t)  which  travels 


at  phase  velocity  i/g 


2,. 


a*Vs(r,t)  J  3  Vs(z,t) 


(/.  36) 


az' 


?t 


so  from  (7.35)  dud  (7.36) 


-s 


4cs 


(7.37) 


The  phase  velocity  of  a  monochromatic  wave  in  the  optical 
region  can  be  expressed  as 


_C_ 

S 


*  (7.38) 


where  C  is  the  velocity  of  light  and  is  enc  refractive  index  of  the 
ocdiusi  at  the  frequency  So  fr*>m  (7.37)  and  (7.38).  EC  in  the 

microwave  region  corresponds  to  in  the  optical  region. 

Now  the  refractive  index  can  oc  expressed  as  T?-  -  v 

a  >i  1 

where  £  is  the  dielectric  constant  ana  ..  is  the  magnetic  pemeability 
of  a  material.'  Except  for  ferromagnetic  substances  which  are  unimportant 


J9V0-g-l 


I 


Also 
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(7.43> 


and  a  nodulacion  of  or  C^7  or  both,  corresponds  in  the  optical  region 
to  a  modulation  of  the  refractive  index  of  the  medium  by  a  modulation  of 
X^E  X,EZ 

the  nonlinear  terms  — —  ,  — —  ,  etc.  in  the  polarization.  However, 

o  o 

these  terms  are  small  and  their  effects  can  not  be  readily  detected  in 

the  optical  region  when  conventional  light  sources  are  used  as  pumps. 

However,  by  using  a  LASER  with  its  high  electric  field  intensities  as 

the  source  of  pump  power,  the  refractive  index  of  a  nonlinear  medium 

can  he  modulated  most  effectively,  so  parametric  amplification  of  another 

a 

light  wave  in  the  same  medium  should  be  possible. 

6.4  Discussion  of  Image  Amplification  by  Parametric  Amplification 

In  Fig.  9  we  indicate  an  arrangement  for  image  amplification 
by  parametric  amplification.  An  image  at  frequency  a>s  with  an  unspec¬ 
ified  bandwidth  is  propagated  through  a  nonlinear  medium  and  is  sub¬ 
sequently  detected  by  the  eye.  A"  the  same  instance  that  the  image 
passes  through  Che  nonlinear  medium,  the  beam  from: a  high-level  mono¬ 
chromatic  light  source,  Le. ,  a  laser  is  propagated  through  the  same 
region.  This  results  in  a  modulation  of  the  dielectric  constant  of  the 
nonlinear  medium  and,  as  a  result  of  this,  an  amplif ication  of  the  image 
energy  at  occurs  and  an  idler  energy  at  cu^  =  a^, , -  a>s  is  generated. 

The  image  wavefronts  are  finally  detected  in  intensified  form  by  the  eye. 

In  order  to  more  fully  evaluate  the  above  amplification  method 
it  is  essential  that  the  existing  theory  describing  cbe  pertinent  physical 
phenomena  h*  thoroughly  examined  and,  where  the  theory  is  not  yet  com- 
; lete,  that  new  theory  be  developed.  Specific  problems  requiring  inves¬ 
tigation  ore  the  relative  orientations  ot  the  pump,  the  signal,  and  the 

.  i9 
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Figure  9  Arrangement  for  Image  Intensification  by  Parametric  Amplification 


idler  beams;  the  efficiency  of  amplification  as  a  function  of  the 
relative  values  of  ^  and  a^;  the  amount  of  noise  that  might  be 
expected  from  such  a  system;  the  bandwidtv,  and  the  ampiif ication  as 
a  function  of  the-  frequency  within  the  bandwidth;  the  shape  and 
volume  of  the  amplification  region  within  the  material  and  how  this 
depends  upon  the  other  system  parameters;  and,  an  important  area  of 
study  is  also  the  evaluation  of  the  selection  of  materials  that  have 
a  suitable  nonlinear  polarization  coefficient* 
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PROGRAM  FLANS  FOR  NEXT  QUART  EX 


7.1  Parametric  Amplifier  Analysis  and  Formulation  of  the  Experi¬ 
mental  Program 

During  the  next  quarter,  most  of  the  effort  will  be  directed 
Coward  a  study  of  the  optical  paramecric  amplification.  This  study 
will  be  essentially  analytical  with  the  following  areas  emphasized 
because  of  their  importance  to  problems  of  optical  imaging: 

(1)  Noise 

(2)  Bandwidth 

(3)  Gain 

(A)  Pump  requirements 

(5)  Nonlinear  materials  requirements 

Quantitative  estimates  will  be  obtained  for  the  noise  char¬ 
acteristics  of  the  optical  parametric  amplifier  and  from  these  a  r.oise 
figure  comparison  will  be  made  with  the  laser.  The  bandwidth  that  can 
be  expected  from  such  a  device  will  be  estimated  and  an  analysis  will 
be  rude  to  determine  how  the  bandwidth  will  affect  optical  images. 

The  gain  of  the  device  will  be  estimated  first  on  the  basis  of  non- 
linearities  that  cculd  be  expected  from  ideal  or  unknown  materials. 

The  pump  requirements  will  be  examined  in  relation  to  the  gain,  the 
image  signal  frequency,  and  the  optical  transmission  that  can  be 
expected  from  nonlinear  materials.  Depending  upon  the  results  of 
the  above  analysis,  experiments  will  be  planned  on  nonlinear  effects 
and  parametric  amplification. 
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